1. Introduction {#sec1-antioxidants-08-00070}
===============

A sedentary lifestyle and unhealthy food habits are considered the main factors leading to obesity \[[@B1-antioxidants-08-00070]\]. For example, hypercaloric diets containing large amounts of refined sugars and saturated fats produce brain damage and systemic oxidative stress \[[@B2-antioxidants-08-00070]\], which is likely to disrupt important processes such as food intake, but the mechanisms are not well understood. It is important to note that adequate concentrations of a neurotransmitter such as γ-aminobutyric acid (GABA) are needed for effective neurotransmission, which is needed to regulate several conditions and processes like food intake \[[@B3-antioxidants-08-00070]\]. Animal models have been used to elucidate how hypercaloric diets affect brain function and processes such as food intake \[[@B4-antioxidants-08-00070]\]. GABA is the main inhibiting neurotransmitter in mammals' brains, and as such is implicated in the control of neural excitability, plasticity and synchronization, as well as the modulation of the release of neurotransmitters \[[@B5-antioxidants-08-00070]\]. Likewise, GABA is implicated in the regulation of food intake in the hypothalamus \[[@B3-antioxidants-08-00070]\]. In this regard, rats fed a high-fat diet (HFD) for 9 weeks showed decreased GABA concentrations in the dorsomedial hypothalamus \[[@B6-antioxidants-08-00070]\]. Another study showed that mice harboring a deletion of vesicular GABA transporter in leptin receptor neurons were prone to develop obesity with higher food intake and lower energy expenditure \[[@B7-antioxidants-08-00070]\]. Therefore, it is probable that decreased GABA release affects the inhibitory control of food intake in the frontal cortex (FC).

In obese humans, the disinhibition and asymmetry of the FC seems to favor the development of eating disorders and anxiety, which are linked to binge eating \[[@B8-antioxidants-08-00070]\]. Also, damage in the FC was shown to increase the risk of excessive food intake \[[@B9-antioxidants-08-00070]\]. Current research lines relate the FC with the control of inappropriate situations that must be inhibited, for example, during the selection of a food type that will be eaten, leading to an HFD. An HFD may lead to the development of obesity, which is associated with increased oxidative stress in both humans and animal models \[[@B10-antioxidants-08-00070]\]. Oxidative stress produces cellular dysregulation, increased production of proinflammatory molecules, energy imbalance and an increased risk of type 2 diabetes, hypertension, hyperlipidemia and brain damage \[[@B11-antioxidants-08-00070]\]. For these reasons, it is necessary to propose strategies to enhance antioxidant defenses and decrease oxidative stress, preventing the complications of obesity.

Strawberries contain phytochemicals with potent antioxidant and anti-inflammatory properties, such as anthocyanins, caffeic acid, ellagic acid and flavonoids including tannins, catechin, quercetin, kaempferol and gallic acid derivatives. They also contain vitamins C, E and carotenoids \[[@B12-antioxidants-08-00070],[@B13-antioxidants-08-00070]\]. It has been demonstrated that dietary supplementation with the antioxidant curcumin reduces oxidative stress \[[@B14-antioxidants-08-00070],[@B15-antioxidants-08-00070]\] and reduces brain damage by increasing levels of the brain-derived neurotrophic factor (BDNF) in obese and diabetic mice \[[@B16-antioxidants-08-00070]\]. Interestingly, berry diets increase the expression of the neuroprotective trophic factor insulin growth factor-1 (IGF-1) in rat brain, suggesting that berries are potent regulators of the brain signaling aimed at enhancing cognitive function \[[@B17-antioxidants-08-00070]\]. Strawberry intake was also shown to reduce obesity and improve glycemic control in experimental animals fed an HFD \[[@B18-antioxidants-08-00070]\]. A study showed that neurochemical changes occurred in the FC and hippocampus of rats exposed to ^56^Fe, which increased inflammation and oxidative stress; a strawberry diet showed significant amelioration of neurotoxicity induced by ^56^Fe irradiation \[[@B19-antioxidants-08-00070]\]. Similarly, it was reported that strawberry extracts are scavengers of free radicals \[[@B20-antioxidants-08-00070]\], and the ellagic acid isolated from strawberries prevented the oxidation of low-density lipoprotein (LDL) induced by the proliferation of rat aortic smooth muscle cells \[[@B21-antioxidants-08-00070]\]. Moreover, dietary supplementation with 50 g freeze-dried strawberry powder (2 cups of strawberry drink per day) to women with metabolic syndrome was shown to decrease lipid peroxidation and cholesterol levels \[[@B22-antioxidants-08-00070]\]. Together, these data suggest that the ellagic acid and flavonoids in strawberries play a beneficial role in human health.

Irradiation with ultraviolet light (UV) increases antioxidant and polyphenol contents in fresh-cut fruits \[[@B23-antioxidants-08-00070]\]; however, high doses of UV can produce oxidation of the bioactive compounds \[[@B24-antioxidants-08-00070]\]. Therefore, the effectiveness of UV radiation depends on factors such as dose, light source, species and cultivar \[[@B25-antioxidants-08-00070]\]. In this respect, Ayala-Gil et al. described that UV irradiation increased the concentration of phenolic compounds and various antioxidants in strawberries \[[@B25-antioxidants-08-00070]\]. Thus, the aim of this study was to evaluate the effect of HFD on GABA levels and oxidative stress, as well as to determine the antioxidant capacity of UV-irradiated and non-irradiated strawberry extracts in HFD-fed rats.

2. Materials and Methods {#sec2-antioxidants-08-00070}
========================

2.1. Production of Strawberry Extract {#sec2dot1-antioxidants-08-00070}
-------------------------------------

The strawberries (*Fragaria* × *ananassa*) to produce the strawberry extract (SE) were purchased from local producers at Irapuato, Gto, México. Thus the SE was produced as we previously described \[[@B25-antioxidants-08-00070],[@B26-antioxidants-08-00070]\]. First, the strawberries were sanitized and sliced (6 mm thick). Second, these slices were irradiated with ultraviolet light-C (UV-C) at 1.2 W/m^2^/16.5 min, and other ones were used without irradiation. Third, the slices were frozen at −20 °C followed by lyophilization over 7 days. Fourth, lyophilized slices were ground, then 1 g of this ground was mixed with 20 mL of methanol:acetic acid (100:1 *v/v*) for 2 h at 5 °C, followed by centrifugation at 500 rpm for 30 min. Fifth, the supernatant was concentrated in a rotary evaporator (BÜCHI 461) at 39 °C, whereas the pellet was mixed with 20 mL of acetone:acetic acid (100:1 *v/v*) for 2 h at 5 °C and then concentrated in a rotary evaporator at 39 °C. Sixth, the samples concentrated from methanol and acetone were mixed and dissolved together in distilled water. Seventh, the UV-irradiated and non-UV-irradiated aqueous extracts were incubated at a ratio of 2:1 with 2N HCl in a water bath at 100 °C for 1 h, following by cooling and centrifugation at 1200 *g* for 30 min. After, the samples were incubated at a ratio of 1:1 with ethyl acetate for 2 min, then the organic phase was recovered. Finally, the UV-irradiated and non-UV-irradiated organic extracts were concentrated in a rotary evaporator at 39 °C, followed by mixing with starch for better handling.

2.2. Animal Care and Strawberry Extract Treatment {#sec2dot2-antioxidants-08-00070}
-------------------------------------------------

Male Wistar rats (21 month-old, and weight: 100--150 g) were randomized into four groups. The control group consisted of 5 rats fed a standard diet (named as SD; Purina Rodent Chow, Purina Mexico: 28.5% protein, 13.5% lipids and 58% carbohydrates); the second group included 5 rats fed a high-fat diet (named as HFD; Purina Chow, Purina Mexico: 17% protein, 47.5% lipids and 35.5% carbohydrates); the third group consisted of 5 rats fed an HFD supplemented with non-irradiated strawberry extract 0.2% (named as HFD-NSE) and finally, the fourth group were 5 rats fed an HFD supplemented with UV-irradiated strawberry extract 0.2% (named as HFD-UViSE). The SD and HFD groups were fed for 20 weeks without receiving any treatment. The HFD-NSE and HFD-UViSE groups were first fed an HFD for 12 weeks, then these groups were fed an HFD supplemented with NSE and UViSE, respectively, for eight weeks. The four groups had ad libitum access to water and food.

At the end of the 20-week treatment, the rats were sacrificed by cervical dislocation and quickly the brain FC was dissected and homogenized in a cold buffer (10 mM HEPES, 0.6% Nonidet p-40, 150 mM NaCl, 1 mM EDTA) containing protease inhibitors (Complete, Boehringer Mannheim, Germany) and 0.1% of the antioxidant curcumin (70% purity; Sigma-Aldrich; Saint Louis, MO 63103, USA. cat. no. 1386) before being stored at −30 °C. Whole homogenized FCs were assayed for protein concentration using bicinchoninic acid (BCA) protein assay (Pierce Chemical Co., Rockford, IL, USA) with bovine serum albumin (BSA) as the reference standard. All animal procedures were conducted in accordance with the 1996 Guide for the care and use of laboratory animals (Institute of Laboratory Animal Resources 1996) \[[@B27-antioxidants-08-00070]\] and Mexican legislation (NOM-062-ZOO-1999) \[[@B28-antioxidants-08-00070]\]. The study was approved by the Institutional Ethical Committee from the University of Guanajuato (Reg. no. CIBIUG-P-38-2015).

2.3. Measurement of Lipid Peroxidation and Oxidized Proteins {#sec2dot3-antioxidants-08-00070}
------------------------------------------------------------

Oxidation of polyunsaturated fatty acids generates reactive aldehydes like malondialdehyde (MDA) and 4-hydroxyalkenals, which were quantified with the thiobarbituric acid-reactive substances (TBARS) assay using 150 µg of whole homogenized FC; whereas oxidation of proteins generates carbonyls that were measured using 300 µg of whole homogenized FC as previously was described \[[@B14-antioxidants-08-00070]\].

2.4. GABA Level Determination {#sec2dot4-antioxidants-08-00070}
-----------------------------

One hundred micrograms of whole homogenized FC were used to determine GABA levels, which were quantified using HPLC-UV detection and an acetonitrile:water (35:65, *v/v*) mobile phase as we previously described \[[@B4-antioxidants-08-00070]\].

2.5. Statistical Analysis {#sec2dot5-antioxidants-08-00070}
-------------------------

Statistical analyses were performed with Statistics for Windows 8 (StatSoft, Inc., Tulsa, OK USA). The ANOVA and Kruskal--Wallis results analogous to non-normal data followed by Tukey's post hoc test were used to find differences between groups. The significance level was set at *p* \< 0.05. Spearman's correlation coefficient (ρ) was used to analyze associations between GABA levels and oxidative damage markers using IBM-SPSS version 20 (IBM, Armonk, NY, USA).

3. Results {#sec3-antioxidants-08-00070}
==========

3.1. Effect of Strawberry Extracts on Oxidative Damage in the Brain {#sec3dot1-antioxidants-08-00070}
-------------------------------------------------------------------

[Figure 1](#antioxidants-08-00070-f001){ref-type="fig"}A shows that in the FC, TBARS levels were higher in the HFD and HFD-NSE groups compared with the SD group (*p* = 0.0001), whereas these levels were lower (*p* = 0.03) in the HFD-UViSE group compared with the HFD gorup, even below the SD group.

With respect to oxidized protein levels in the FC of the HFD and HFD-UViSE groups, the protein carbonyl levels were significantly different from those of the SD group (*p* = 0.009). Interestingly, in the HFD-NSE group, the protein carbonyl levels were lower (*p* = 0.0001) than in the SD, HFD and HFD-UViSE groups ([Figure 1](#antioxidants-08-00070-f001){ref-type="fig"}B).

3.2. A High-Fat Diet Decreases GABA Levels in the Frontal Cortex and Hippocampus {#sec3dot2-antioxidants-08-00070}
--------------------------------------------------------------------------------

[Figure 2](#antioxidants-08-00070-f002){ref-type="fig"} shows significantly decreased GABA levels in the FC of HFD-fed rats with respect to the SD and HFD-NSE groups (*p* = 0.0001 and *p* = 0.001, respectively). The GABA levels in the HFD-UViSE group were lower compared to those in the SD and HFD-NSE groups (*p* ≤ 0.001) and showed no difference compared with the HFD group.

3.3. Correlation between Oxidative Damage and GABA Levels {#sec3dot3-antioxidants-08-00070}
---------------------------------------------------------

Finally, the data were analyzed in order to determine whether GABA levels correlate with the markers of oxidative damage. GABA levels were positively correlated with TBARS levels in the FC of the SD group ([Figure 3](#antioxidants-08-00070-f003){ref-type="fig"}A), whereas GABA levels positively correlated with carbonyl levels in the FC of the HFD-NSE group ([Figure 3](#antioxidants-08-00070-f003){ref-type="fig"}B). Interestingly, in the HFD-UViSE group, GABA levels were inversely correlated with TBARS levels ([Figure 3](#antioxidants-08-00070-f003){ref-type="fig"}C).

4. Discussion {#sec4-antioxidants-08-00070}
=============

Strawberries are a source of dietary polyphenols and vitamins \[[@B12-antioxidants-08-00070],[@B13-antioxidants-08-00070],[@B29-antioxidants-08-00070]\]. For these reasons, strawberries play an important beneficial role by improving antioxidant defenses against the development of several chronic diseases \[[@B30-antioxidants-08-00070],[@B31-antioxidants-08-00070]\]. The present results show that, as predicted, HFD increased lipid and protein oxidation and decreased GABA concentration in the rat FC. This is consistent with previous reports where decreased GABA levels and increased oxidative damage were described in the FC of HFD-fed obese rats \[[@B2-antioxidants-08-00070],[@B4-antioxidants-08-00070]\].

To reduce oxidative damage in the FC of obese rats, extracts were obtained from UV-irradiated and non-irradiated strawberries, and these were orally administrated to obese rats. It is important to mention that UV-irradiation increases the production of phenolic compounds, flavonoids, anthocyanins, fisetin and pelargonidine in the SE. Moreover, the antioxidant capacity was higher in UViSE than in NSE as we previously described \[[@B25-antioxidants-08-00070],[@B26-antioxidants-08-00070]\]. The present results show that in the HFD-UViSE group the TBARS levels were similar to those in the SD group, suggesting that UV-irradiation increased the antioxidant content of the strawberry, but this extract did not reduce carbonyl levels; meanwhile, NSE reduced carbonyl levels but not TBARS levels. These results are consistent with results that we described previously; first, the effect of UV-irradiation on the antioxidant content of the strawberry was previously described and second, the effect of extracts was similar to those observed in the cerebellum \[[@B26-antioxidants-08-00070]\]. A study performed in women with metabolic syndrome reported a significant reduction of malondialdehyde (MDA) levels after treatment with a strawberry drink for four weeks \[[@B22-antioxidants-08-00070]\]. Similarly, SE reduced the membrane lipid peroxidation in dermal fibroblast \[[@B32-antioxidants-08-00070]\] and inhibited increased-oxidative stress in 3T3L1 cells by suppressing intracellular reactive oxygen species (ROS) production and decreasing TBARS content. Likewise, superoxide dismutase (SOD) and catalase (CAT) activities and gene expressions were increased \[[@B33-antioxidants-08-00070]\]. Moreover, diet supplementation with fruits rich in antioxidant polyphenols reduced lipid peroxidation; thus, in rats with hypercholesterolemia the strawberry polyphenols reduced MDA levels to be similar to those shown in normo-cholesterolemic rats \[[@B34-antioxidants-08-00070]\]. Beneficial effects of strawberry methanolic extract were observed in HepG2 cells, where this extract decreased total cholesterol, LDL and triglyceride levels while stimulating the p-AMPK/AMPK, LDL receptor, sirtuin 1 (Sirt1) and peroxisome proliferator activated receptor gamma coactivator 1-alpha (PGC-1α) expression compared to the control \[[@B35-antioxidants-08-00070]\]. Another study that used ethanol-induced gastric lesions in rats showed that strawberry polyphenols attenuated the MDA concentration in injured gastric mucosa, indicating that SE can attenuate the process of lipid peroxidation \[[@B36-antioxidants-08-00070]\].

With respect to the protein oxidation, we found that the HFD increased the FC protein oxidation compared to the SD group, whereas NSE treatment decreased carbonyl content in the FC of rats fed an HFD. These data are in accordance with previous reports that suggest that strawberry has potential beneficial effects on obesity, metabolic syndrome and neurological diseases \[[@B29-antioxidants-08-00070]\]. Moreover, a study demonstrated that HFD increased the protein carbonyls in the hippocampus, and induced declines in cognitive performance \[[@B37-antioxidants-08-00070]\]. Together these data suggest that strawberry supplementation could reduce oxidative stress in the brain and have a protective role, which can be related to the antioxidant and anti-inflammatory effects of the strawberry.

It has been proposed that the increased oxidation of proteins and lipids likely alters the membrane cell and damages the organelles and protein structures, reducing neurotransmitter release \[[@B38-antioxidants-08-00070]\]. Also, it was described that there is a correlation between HFD intake, neurotransmitter concentration and damage in the rat brain. Studies in rats suggested that HFD significantly reduces glutamate uptake and induces a reduced synaptic efficacy in the rat hippocampus \[[@B39-antioxidants-08-00070],[@B40-antioxidants-08-00070],[@B41-antioxidants-08-00070]\]. In the present study, the analysis of correlation showed that GABA levels were positively correlated with TBARS levels in the FC of the SD group, and with the carbonyl content in the HFD-NSE group where the NSE did not have any effect. This suggests that HFD induces oxidative damage, and cells increase GABA levels to correct the alteration in the GABA signal pathway. In addition, GABA levels were inversely correlated with TBARS levels in the FC of the HFD-UViSE group, suggesting that UViSE decreased lipid peroxidation. Consequently, GABA levels were decreased because the harmful stimulus was partially corrected. Therefore, the present results suggest that NSE could prevent the oxidation of important structures that play a key role in GABA metabolism and/or in the signal pathway of this neurotransmitter, such as membrane lipid peroxidation.

We found decreased GABA concentration in the FC of rats fed an HFD, which could be detrimental to oxidative glucose metabolism and the synthesis of neurotransmitters (i.e., glutamate and GABA). This could cause homeostatic dysregulation between neurons and glial cells like microglia \[[@B41-antioxidants-08-00070]\]. Pathological changes in ventromedial prefrontal cortex (vmPFC) function impair the control of food intake and may facilitate eating disorders, obesity and other disorders of appetitive motivation \[[@B42-antioxidants-08-00070]\]. Moreover, other authors suggested that the consumption of high-caloric diets generates oxidative stress and memory loss \[[@B43-antioxidants-08-00070]\], decreases serotonin transporters in the human hypothalamic region \[[@B44-antioxidants-08-00070]\] and oxidation to lipids and proteins in the brain \[[@B43-antioxidants-08-00070]\] and probably impairs the release of neurotransmitters. In the present study, NSE treatment increased GABA concentration compared to the HFD and HFD-UViSE groups, likely because the extract reduced the inflammation and oxidative damage, resulting in the protection of the GABA signaling pathway. Moreover, it has been described that flavonoids can increase membrane fluidity, because some can bind to the membrane surface predominantly via hydrogen bonds while others can insert into the lipid bilayer \[[@B45-antioxidants-08-00070]\].

Therefore, the present data and those reported previously suggest that SE may reduce oxidative damage and prevent the reduction of GABA levels, improving the cognition and control of food intake. This is supported by a model of aged rats fed with a diet supplemented with 2% blueberry, in which a retardation of cognitive decline and neural function was shown to occur by a reduction of nuclear factor kappa B (NF-kB) expression in the FC \[[@B46-antioxidants-08-00070]\]. Moreover, it was described that the blueberry diet was able to improve cognitive performance in rats with inflammation induced by the central administration of kainic acid, likely by reducing the expression levels of IL-1beta, TNF-alpha and NF-kB as well as increasing the expression of the neuroprotective trophic factor IGF-1 \[[@B17-antioxidants-08-00070]\]. Finally, the present results show that UViSE decreased lipid peroxidation but not protein oxidation, whereas NSE had a contrary effect. Likely this is due to the change in concentration of the different polyphenols contained in the extracts, or the generation of different polyphenols induced by the UV-treatment. However, the present study did not characterize all the different polyphenols.

5. Conclusions {#sec5-antioxidants-08-00070}
==============

In conclusion, in the present study, HFD increased the lipid and protein oxidation and decreased GABA levels. Moreover, UViSE decreased lipid peroxidation but not protein oxidation whereas NSE reduced protein oxidation but not the lipid peroxidation. Interestingly, NSE increased GABA concentration, but UViSE was not as effective. Our findings suggest that the intake of natural products such as strawberries may be a strategy to prevent the brain damage associated with obesity and to increase lowered GABA levels.
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![Effects of strawberry extracts on oxidative damage in the frontal cortex. (**A**) Lipid peroxidation represented by thiobarbituric acid-reactive substances (TBARS) levels, and (**B**) protein oxidation represented by carbonyls levels. SD, standard diet; HFD, high-fat diet; HFD-NSE, high-fat diet + non-irradiated strawberry extract; HFD-UViSE, high-fat diet + irradiated strawberry extract. Data are given as the mean ± standard error of the mean (SEM). \* *p* = 0.0001 vs. the SD and HFD-UViSE groups; + *p* = 0.03 vs. the SD group; ++ *p* = 0.009 vs. the SD group; & *p* = 0.0001 vs. the SD, HFD and HFD-UViSE groups.](antioxidants-08-00070-g001){#antioxidants-08-00070-f001}

![Effects of strawberry extracts on GABA levels in the frontal cortex. SD, standard diet; HFD, high-fat diet; HFD-NSE, high-fat diet + non-irradiated strawberry extract; HFD-UViSE, high-fat diet + irradiated strawberry extract. Data are given as the mean ± standard error of the mean (SEM). \* *p* \< 0.005 vs. the SD and HFD-NSE groups; + *p ≤* 0.001 vs. the SD and HFD-NSE groups.](antioxidants-08-00070-g002){#antioxidants-08-00070-f002}

![The relationship between GABA and TBARS levels in the SD group (**A**) and HFD-UViSE group (**C**), and the relationship between GABA and carbonyl levels in the HFD-NSE group (**B**).](antioxidants-08-00070-g003){#antioxidants-08-00070-f003}
